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RADIAL-BEAM TWT ELECTRON BEAM ANALYSIS

SBCT EON: F. INTRODUCTION

A.  Statement of the Problem
/ rough it 15 St i e research stage 1 radia
A\lthough it i I nith irch stage, tl adial

beam traveling-wave tube amplifier (RBTWT) has shown consid

erable promise as a compact, broadband, low voltage and
high-gain microwave amplifier. The particular gcometry of
this device makes it possible to draw high current from the
cathode at low cathode current density and to usc the printed
circuit type of slow-wave circuit to reduce the overall cost
in even limited production.

Analytical studies of the RF behavior have been pub-
lished assuming small-signal conditions by Savel'yev and

Aol 1 2 - A% 3 .

Kushenko, ™ Molvavko et al.,” and Putz and Scott. A large-

signal computer simulation program has been developed by

; . 4 . . : : Vet

Kooyers and Shaw. l'he experimental tube built by Savel'ycev
; 1 o &

and Kushenko  has a low power output of 50-100 mW. The

4 s 3 3 .

Varian tubes built by Putz and Scott™ operated at much higher

power. However, low beam transmission and oscillation prob-

lems prevented them from being able to opcrate the tubes at
high current levels. Furthermore, the computer analyscs

1. V. S. Savel'yev and G. I. Kushenko, Radio Lng. and Llec-

tronic Phys., vol. 15, No. 12, pp. 2267-2272; 1970.

V. I. Molyavko, et al., Radio Eng. and Llectronic Phys.

vol. 16, No. 8, pp. 1330-1335; 1971.

3. J. L. Putz and A. W. Scott,; Report ECOM 713~0148-F, U.S.
Army Electronics Command, Fort Monmouth, NJ; Scpt. 1974,

4. G. P. Kooyers and E. K. Shaw, Final Report BECOM 74-0377-1,
U.S. Army Electronics Command, Fort Monmouth, NJ; Nov. 1975,

ro
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used 1n these studies did not utilize the most up-to-datc
techniques available and so dielectric boundaries were neg
lected.

In order to avoid costly experiments later, therc is
a clear need to develop an electron gun analysis progran
to facilitate the design of a reliable electron gun and mag-
netic focusing structure. The study presented in this report

is directed to that objective.

B. Topics of Investigation

The purpose of this study is to formulate designs for
an electron gun and a companion magnetic focusing structurc.
A computer program has been utilized to solve for the mag
netic field strength throughout the magnetic focusing
structure. With this program, the required magnetic f(icld
can be shaped by varying the currents in scctionalized
focusing coils. The magnetic field calculated is then
confirmed by direct measurement and supplicd as input to
the Deformable Mesh Electron Gun Design Program. By the
aid of the gun design program, the effect upon beam trans
mission by various distributions of magnetic fields can be
easily 1nveStigated. [he sensitivities of the total current
and the cathode current density to the changes in the loca
tions and the voltages of the cathode, anode and focusing
electrodes can also be determined. By appropriately
selecting the locations and voltages of clectrodes, the

desired beam current and beam power can be realized.

* —— e Y e - T T e v —o—— e - —
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An experimental tube with spiral RF structure replaced
by smooth metal conductors has been built based on the results
of computer analysis. Measurements have been attempted to
verify the theoretical results. However, the tube failed to
operate due to fabrication problems before the final test at
full beam power could be made. A redesign is recommended to

overcome these problems.

C. Report Organization

This report is organized into several sections. In
Section II, a brief discussion of the Deformable Mesh lilec-
tron Gun Design Program 1s presented. The details of this

' manual .

program can be found in the users

Section III is devoted to the description of the
Deformable Mesh Electromagnet Design  Program. This program
1s used to calculate the magnetic field strength within the
focusing structure. This section also reports on the effort
to shape the magnetic fields. Experimental results are found
to agree closely with the theory in the low current, Low
magnetic field cases. For high magnetic field, saturation
in the center pole piece reduces the accuracy. In a redesign
the center pole piece will be changed to eliminate saturation
effects.

Section IV outlines the design procedure. [t offers
methods to control the total beam current, the beam-filling
factor and the cathode current density. It also investigates
the effects of locations and voltages of the cathode and

electrodes.




Section V describes the structure of the electron gun
and explains the rationale behind the configuration. It
also discusses some special features in the fabrication.

The tube consists of three main parts: magnetic focusing
structure, clectron gun and vacuum chamber.

In Section VI, the experimental results arc discussced
in detail. Recommendations arce made for modifications in
the fabrication of the tube which will eliminate the problems
encountered during the measurement program.

Finally, Section VII summarizes this study, sets out

the conclusions and offers recommendations for futurce study.
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SECTION 1.  DEFORMABLE MESH ELECTRON GUN DESITGN PROGRAM

A. Introduction

Shared Applications, Inc. (SAl) has developed advanced
techniques for clectron-gun design which are directly appli
cable to the RBTWI electron gun. The Deformable Mesh Llectron
Gun Design Program is capable of accurate and rapid evaluation
of an initial design and its modifications.

The rudiments of electron gun analysis by digital com-

5-"9
puter are well documented.”™ © Most programs map the pgecometry
of the gun on a rectangular mesh by an overrelaxation tech-
nique and assume an initial charge distribution. lilectron
trajectories are then calculated from the computed potential
distribution to obtain more accurate values of the space
charge. This process is iterated to obtain a self-consistent
solution.

The SAI Deformable Mesh Llectron Gun Program uses a
similar strategy to solve a space-charge-limited beam- forming
system. However, an important and unique fcature of this
program is its usc of a deformable mesh to accurately model

s PL T IKiEstenn and WL ol iHomnsby,, & IEEE Tnanss on Electron

\ Devices, vol. ED-11, No. 5, pp. 196-204; May 1964.

h.\ V. Hamza and G. S. Kino, 1EEE Trans. on Electron Devices,
vol. ED-14, No. 4, pp. 195-201; Apr. 1967.

/7. \W. Hamza, IEEE Trans. on Electron Devices, vol. ED=13,
No. 5, pp. 485-493; May 1966. '

8. X. E. Boers, Tech. Report No. RADC-TR-068-175, Rome Air
Development Center, Air Force Systems Command, Griffiss
,\\r Force Base, NY; Apr. 1968.

9. R.\B. True, "Space-Charge-Limited Beam Forming Systems
Andlyzed by the Method of Self-Consistent Fields with a
Solntion of Poisson's lquation on a Deformable Relaxation
Meshy," Ph.D. Thesis, University of Connccticut; 1972.
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the true physical configuration, an approach which has
proven far superior to the conventional rectangular-mesh
method. Accuracy is greatly increased because deformable
mesh points are adjusted and so arc readily placed on
physical boundaries, not simply ncar them. lurthermore,
mesh points can be concentrated in critical regions of the
gun to give maximum accuracy where necessary. Becausce of
the ability to use a high mesh density only where it i:
nceded, a typical problem will require fewer points using
the deformable mesh method rather than the rectangular
mesh method. When this program is used, a curved cathode

and grids may be analyzed easily.

B. General Method
The basic solution procedure is outlined in the [low
chart shown in Fig. 1. The method of solution is summarized

in the following.

I. Generation of Deformable Mesh. Before the
simulation can be started, a mesh must be gencerated which
outlines the geometry of the gun and defines the position
of each node. The boundaries of the electron gun are given
as input data. A satisfactory method can be derived by
formulating the zoning problem as a potential problem, with
the mesh line playing the role of an equipotential. The
program computes the positions of interior points by solving

the following lLaplace's cquations using the method of suc
24 £

cessive overrelaxation:
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Here r and z are the actual coordinates of cach node

and 1 and j are the indices of the node on the coordinate

map. Lach mesh point is connected to six ncighboring mesh

points. The terms r and z are obtained by repeated solu
tion of
(¢
n+l n N ’
r = L r. - 6or O (3)
0 0 AL 0
=1
and

(0] (0]

0
+
:nl = :n+u? e (615 /() . (1)
v i 0

where n is the number of the relaxation steps, r, and

are the coordinates of the node being relaxed, ros Ml s
6 are six surrounding nodes and « is an overrclaxation param
eter. When the difference between the nth and (n+l1)th cal
culations is less than a certain tolerance for all nodes,
the solution procedure is assumed complete. Because of the
averaging property of solutions to Laplace's cquations, a
mesh constructed in this way is quite smooth

2. Potential Solution. Poisson's cquation can be
solved for the potential at cach point given the potentials
on the boundaries and the space-charge density at cach mesh
point. Poisson's cquation in cylindrical coordinates with

constant 6 is
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10.  A. M. Winslow, J. Computationul Phys., vol. 2

1. o oV AT s . :
r or (llar) T S(r,z) -, (5)

where V is the potential and S is the source. The overrelax

ation equation is

|

§)
\ = \,Il + o G /z W. > (O)
O (0] O 0O |

1=1

where the o represents the point at which the calculation is
made and i represents the six neighboring points. The term
a, 1s an overrelaxation parameter and n is the number of

: . f 2l . 9
relaxation steps. The residual G, 1s defined as

G = z W BV SV RS : (7)
0 iRt 0 0

i=1

Here Wi 1s a weighting factor between neighboring points

e s E : 5= 10
PO and l’i. Its definition can be found from Winslow as

; T + - - :
hi e (ol S0 S SR e (T s N (8a)
STV ST R (8h)
B < £ i T Tie1/6y .
and
r T o o o R % et (8¢C)
30 1 li=d 1
e ’ . " 10
[he term SU 1s defined as
O
S = a P /¢ (— rhoe 3 r) (9)
) L7 2) il (e 3 R B B S T £ "o 5

i=

» Pp. 149-
Lrdy 1967,

ha e s e ol ol B = S i <. . -
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where a. and p. are the quadrilateral arca and
i+(1/2) Piv(1/2) i
space-charge density, respectively, for triangle i+(1/2).

The term SU 1s negative for clectrons.

o A + -
Figure 2 shows the quantities 0 , 0 , F i Tes Koy

re 1> l’o and l‘i. The term € 1s the relative dielectric

constant for the triangle defined by S and Fopq OF T g

Poisson's equation is solved by successive overrelaxa-
tion at cach point until the residual (;U is smaller than a
preset value for every point of the mesh.

3. Cathode Current Density Calculation. Necar the

cathode surface, a thin rectangular mesh is established by
the program. The rectangles are assumed to be essentially
parallel plate diodes. Thus, the cathode current density

can be calculated by using Child's law:

A\ 32
R ST (10)
d?
where
4
k == ()SUVZH . (ll)
in Eg. 11, i 1s the permittivity of free space and n is the

0
charge-to-mass ratio.

4. Trajectory bkquations. Given the electric and mag
netic fields, the trajectories of sample clectrons arce found
by solving the lorentz force equation. The equation in a
cylindrical coordinate system (r, 0, z) with an azimuthal mag
netic field can be expressed in terms of the field components

das

10
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and

Z = -n(B. - r"mr) , (12)
oo orf? = =) (B rJHw] (175
d p28y = mr(eE 2B ) (14)
dt i Z e '
The program accepts values of Br on the z = 0 axis as }
input data from which B, can be computed. If B = V x A,
it can be shown that
J(rA )
gt o (15)
Z r arT
Ao(r,z) -faBr(r,:)d: = zB_(r,0) (L16r)
The electric fields can be calculated from the follow
cquation given the potentials at cach node:
E = -9V (17)
Suppose an clectron at P has a nearest node o as shown
1g. 3. Equation 17 can be expressed as
oV oV
= -.4..1) = - O + (r - r)
or i p o
U?VO J”V“
— z. - 7 8:
orz " ("p 'nlln'li:. § 4%
Y oV
Wil bl By e o
92 L9z p 0
r)"\rvo v"I\’“ }
" . ¥ (lp ST (18h) |
12-
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FIG. 2.3 MESH NODE NEAREST AN ELECTRON P AND ITS SIX
NETGHBORING MESH POINTS.
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There are five unknown derivatives and six lincar cquations.
The least squares solution is taken as the sct of derivatives

which minimizes the BEuclidean norm of a residual vector:

HVO gV
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and

Il

IR, - (20b)
min

This procedure can be found in the Scientific Subroutinc

*

Package of the [BM computer system.

*The rcader is referred to subroutine MLSQ which can be found
in International Business Machines Corporation "IBM System/300
Operating System P1/1 Language Specifications,'" S300-27, (28
6571-4, IBM Programming Systems Publications, Avcenue ol the
America, New York; 1966.




After the force on the electron has been computed,
Newton's second law may be integrated to give the next posi
tion of the electron. Continuation of this procedure pro

duces the trajectories of the clectron beam.

C. Description of the Program.

To run the program the user must supply as input the
voltages of the cathode and electrodes as well as the tube
dimensions. The coordinates of all boundary points have to
be assigned.

The output consists of lineprinter output for numerical
results and incremental plotter output to aid visualization
and interpretation of these results. The plots display the
following:

1. Mesh

2. Electron trajectories

3. Equipotentials

4. Magnetic field

5. Cathode current density

6. Current densities at selected radii.

' manual

For details, an example run is included in the users
prepared along with this report.

The results of a run may be saved on and later read [rom
a disk file. The positions and velocities of electrons from
the gun program may be saved to provide initial conditions to
an RF interaction program. An effective RF interaction pro-
gram must treat both RF fields and space-charge fields as well
as the actual radially varying r- and z-components of the mag

netic focusing field.




SECTION IT1I. DESIGN AND FABRICATION OF MAGNETIC

FOCUSING STRUCTURE

A.  Introduction

The radial-beam traveling-wave tube requires a magnetic
field in the direction of motion in the same way as a lincar
beam tube in order to prevent spreading and RIF-circuit inter
ception through space-charge repulsion. This section outlincs
the design of an clectromagnet that will produce the necessary
magnetic field in the experimental tube.

A radial magnetic field will be produced in the beam
region by two opposing coils, as illustrated in Figs. la and b.
Each coil is wound in three electrically insulated sections.
The magnetic field can be shaped by adjusting the currents
in three segments and by shaping the center pole picce. The
two coils will be built identically and corresponding scoments
will be connected externally in series so that cach pair will
be operated as a unit. A cylindrical pole piece around the
circumference and large disks at cach end of the cvlinder
section hold the coils in place and provide the desired [(lux
paths.

To solve for the magnetic fields inside this structure
would be impractical if not impossible to do analytically.
Therefore, a numerical technique based on the finite-difflerence
method is used for the solution of magnetic ficlds. In the
following sections, the computer program for clectromagnet
design will be described. Comparisons between the theoretical

results and the measurements will be presented.
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B. Deformable Mesh Electromagnet Design Program
‘ - Ltk & e et Mool IS LOLIA
| . 1
A Detormable\ Mesh Electromagnet Design Program developed
! by Holsinger of Los\ Alamos Scientific Laboratory, University

of California, is use\l here to solve the magnetic ficlds for
different current levels in the three coil segments. The pro-

gram is based on a finite-difference method to solve Poisson's

. - LS - s -
equation as described by Winslow. 'he basic technique ol

\
\

solving Poisson's ecquati is quite similar to the electron

gun program in Section I1\if all the electrostatic symbols are

replaced with their corresppnding magnetostatic symbols.
The program is divided\ into three parts: generation of
the deformable mesh, solution\ of Poisson's equation and plotting
of the results. The physical boundaries and currents in the
coils are supplied as input. The output consists of computer
printouts of magnetic ficlds and\ Calcomp plnt; of mesh and

magnetic flux. The results can by saved on tape or disk for

Y,

restart. \
ol Fabrication of the MQ&UEKLQHF”QVSi“E Structure
An outline drawing of the magneltic focusing structure 1s
\
shown in Fig. la. It consists of a \enter pole picce, an

outer cylinder pole piece, two end disk\, an outer rTing pole

piece, two end caps for the center pole piece and three pairs
of stainless steel spools to hold the coils.

The pole pieces and end disks were mude from magnetic
\

materials. Hot rolled steel was used for i1ts rcasonable

price and high permeability and saturation. \Since saturation

would be expected to occur first at the centey pole piecce, an

19
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annecaled iron with very high saturation was chosen for its

fabrication. A small slot was machined at the outer cylinder

pole piece to allow access of a magnetic ficld probe and the

vacuum pump connection.

The wire for the coils was 16 gauge copper magnet wirc.
Between the layer of wire and the stainless stecl spool, a
mylar sheet was inserted for better electric insulation.

Mylar sheets were also placed between successive layers of
wire to improve the alignment and guarantee the clectric

insulation.

A thermocouple was embedded at the center of the sccond
coil to allow the operating temperature to be monitored.

The number of turns and the resistance in the threce
sections of each coil are as follows:

N; = 930 turns R1 =208 &

N, = 1,280 turns R2 = 8.0 Q

NS = 2,350 turns R3 = 29.0 @

Later, it will be shown that a current level of I1 = 3.4
l2 = 3.8 A and l3 = 2.7 A is suitable for tube operation. With
this current level, the power dissipation is about 707 watts
for the entire focusing structure. The temperaturc at the
center of the second coil (i.e., the location of the thermo-

couple) remains below 60°C for at lecast a half-hour without

additional cooling apparatus. However, the coils were designed
to operate safely up to 200°C.
shown in

A photograph of the focusing structure is

Fig. 4b.

A,
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LY, Shaping the Magnetic Fields

fheovetically, the minimum radial magnetic focusing field

: - . . ; - AP )
B is given from the Brillouin flow condition

!
b’.: (4 Py ’._‘l )
C ])
where Yy 1s the beam-plasma frequency and w_ is the magnetic
C
cyclotron frequency (w_ = 'yH] ). This condition applies to
) ¢ 3

"sees" the

radial flow under the assumption that each electron
local radial direction as 1its axis 'of rotatiomn. In. practice;
a confined-flow field of twice the Brillouin field or greaten
should be used for better focusing, particularly under RIF con
ditions. As the ideal beam spreads radially, its density
falls in proportion to 1/R (R is the radius and identical to
r in the previous sections), MP falls as 1//R and thus a uag
netic field falling as 1/Y/R will maintain balanced flow. The
srillouin field requried to focus a beam of voltage \'l) and cur
rent density J(A/cm?) is 1,472 .I”"/\'h”" G. For a 1.2 kW ung.l
1,000 V beam, this is 225 G at the cathode surface. [hus, our
poal to design a nominal maximum of 2,000 G at cathode 1s an
ample overdesign. The actual minimum magnetic ficeld required
to focus the beam will be determined by computer simulation
using the design program, as will be seem in the next scction.
Figure 5 shows an ideal magnetic field falling as 1/vR
with a flux density of 2,000 G at the cathode (i.e., at
R 1 inch). Also shown in this figure are the results of the
magnetic field calculations for coils with diffcerent current
levels in three segments (3.4 A, 3.8 A, 2.7 A) and for coils

with the same current levels in three sections (2.1 A; 2.1 A,
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2.1 A). The first value inside the parenthesis is the current
level in the coil segment closest to the center pole piece.
I'he center pole piece is not shaped for these calculations.
Unless otherwise mentioned, all the calculations are made
under the assumption that u = «, where p is the permeability
of the magnetic material.

o investigate the effect of shaping the center pole
plLece, a concave surface of radius of curvature 0.8 1nch is
machined in the position behind the cathode, as shown in
Fug. ©- The computer results are shown in Fig. 7a lor
current levels of 3.4 A, 3.8 A,2.7 A as well as the results
with an unshaped pole piece for comparison. Figure 7h shows
the comparison for current levels of 2.1 A, 2.1 A, 2.1 A. It
Is interesting to note that shaping the center pole picce
lowers the magnetic field in the cathode region but does not
significantly affect the far zone field. In order to maintain
a high magnetic field at the cathode region, it was decided
not to shape the center pole piece.

The mesh plot and the magnetic flux plot for an unshaped
center pole prece at current levels off 2.1 A, 2.% A, 2.1 A arc
shown in Figs. 8 Figure 9a shows a mesh plot for a shaped
center pole piece. The magnetic flux plots are shown in
Fig. 9b for current levels of 1.7 A, 1.9 A, 1.35 A and in

Fig. ©¥Yc¢. for current levels of 3.4 A, 3.8 A, 0 A.

&

.. Magnetic Field Measurements

The magnetic field at the center linc of the focusing

structure (i.e., the z = 0 plane) can be measured casily by
23
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inserting a Hall-effect probe through the slot at the outer
cylinder pole piece. With the annealed iron center pole piece
to be used later in the experimental tube, experimental results
are compared with theoretical calculations for different cur-
rent levels in Figs. 10 through 15.

For low magnetic fields (low current levels), the
agreement between the computer calculations and measurements
is excellent. However, as the current levels increase, the
gap between calculation and measurement widens. The rcason
1s that saturation effects at the center pole piece inhibit
the increase of magnetic field along the center line. For
example, the theoretical calculation predicts that the mag-
netic field strength should double in magnitude as the cur-
rent levels increase by a factor of two, as shown in Figs.

10 and 14. But the measured data show that the increase

is by a factor much less than two. If the annealed iron cen-
ter pole piece is replaced by mu-metal, the saturation ecffect
1s more pronounced, since the mu-metal has a much lower satur-
ation magnetic field than annealed iron. Figures 16 and

17 show the measurements with the center pole piece of dif-
ferent materials: the mu-metal, the hot-rolled steel and the
annealed iron. The results show that the hot-rolled stceel
and annealed iron have almost the same saturation value, but
the mu-metal has a much lower saturation.

To avoid saturation, it is important to begin with a
high saturation material for the center pole piece. The results

may be improved further by increcasing the cross-sectional area
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of the center pole piece. For the current levels used in
Fig. 15, an increase of diameter from 1.0 to 1.5 inch is
sufficient to avoid saturation. lowever, it will be secen
later in Section [V that the actual magnetic field of

Fig. 14 obtained with current levels of 3.4 A, 3.8 A,
2.7 A will be strong enough to focus the electron beam of

1.2 A total beam current.

t. Cathode Curvature Calculation

As mentioned in Section 11, the deformable mesh tech-
nique is particularly suitable for analyzing configurations
with curved cathode or grids. In order to improve beam
focusing, the field can be shaped correspondingly so that the
emitting surface is approximately normal to the (icld lines
as shown in Fig. 18. The radius of curvature of the
cathode may be determined by the magnetic fields calculated
or mecasured.

For a symmetrical focusing structure, only radial mag

netic field componments exist on the center line. Thus, it
can be seen that B:(r,(i) = (). LLxpand l",.,(r‘,,.} in a Taylor
series about the z = 0 plane as
B G o)
B T2 S BT A S B S s (22)
Then 8B, (T,;0) /92 may be tound from the condition V ¢ B 0 in

cvlindrical coordinates:
1 d ab
R ' ), 3 3 &) B 4 L “ . 13‘:)
V + B(r,0) = wlr8.) , g

d )

b
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Substituting Eq. 25 into Eag. 2 shows that

(§%)

4 [ S 3
B. % ”‘Hlirj yig (24)

& (

From Fig. 18, the radius of curvature of cathode, p, i:

given by

B
$ 1
z B
or
(rB )
PR U Iae (25)
f YETIE M -
| z=0
Here Hr is the value measured on the axis z = 0 at the radial

position of the cathode.
From the measured results given in Sections [I1.D and L,
the cathode radius of curvature calculated from lig. 25 is

usually quite large (about 5.0 inches) and consequently

flat cathode will be adequate.

G. Conclusions

In this section, an electromagnet design computer program
was described and applied to manipulate the radial magnetic
fields in an effort to approximate an ideal RBTWI field shape.
The measurements agree very well with the theoretical results
for low currents and low magnetic fields. FPFor high current
levels, saturation of the center pole piece restricts the
increase of magnetic field. A magnetic material with higher
saturation or a larger cross-sectional arca must be used for
the center pole piece if a higher magnetic field is necessary.
The cathode radius of curvature has been calculated (rom the

magnetic ficld measured and found to be large enough to permit
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of a flat surface. The results will

following sections.
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e SECTION IV. DESIGN OF ELECTRON GUN

As In'? roduct ion

In this section, a radial beam clectron gun design
through computer simulation will be presented.  First of all,
it 1s necessary to determine the initial parameters of the
beam. Prior to fabrication of the gun, the shapes and posi
tions of the clectrodes, cathode and anode have to be chosen
and optimized. The magnetic fields obtained in Section 111
for different current levels in the three sections of coil
will be evaluated and a final current level will be sclected
for operation of the experimental gun.

The objective specifications for the experimental tube

are as follows:

I'requency Uiss ator 10 Gz
Beam voltagpe 1,000 \

b Jeam current 2 oA
Beam power 1.2 kW
Cathode current density D O s N e
Cathode radius [ B T A s Bl )

Length of drift space (from
cathode surface to collector
surface) Sol b BhhE cind)

Spacing between ceramic
substrate 0 E LR IR 0 sl (575 SR S T 2

In the following sections, the design procedures will be

‘ presented. The effects of geometric paramcters will be dis

cussed. Figure 19 shows the definitions of these parameters.

Fhe voltages at cathode, electrode and anode are snecificed

as V. , V_ and V., respectively.
C € a
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The experimental tube actually built was based on the

final design outlined in this section.

B, Beam-Filling Factor and Cathode Shape

fhe first parameter to be determined in the electron gun
design is the beam-firiling factor. A very thinm beam is desii
able to give good transmission, while a thick bcam improves
RF interaction. Past experience with O-type guns suggest:

a nominal beam-filling factor of about 0.5 or a beam thick
ness of o025 ints S for a clireuitt spacihpg eff 0. 050 in. The
shape and height of the cathode are the two primary paramcters
which affect the beam-filling factor.

Figures 20 through 22 show the electron trajectories
for a curved cathode with height of 0.040 in. . a flat cathode
with height of 0.040 in. and a flat cathode with height of
- 025 1. The magnetic Bield 1s 1,925 G at the cathode
surface and decrecases ideally as 1/V/R as shown in iig. 23.
Only the top half of the gun is shown here since the bottom

half 1s just a mirror image of the top half.

Mesh plots corresponding to Figs. 20 and 22 dre shown
in Figs. 24a and b. Other parameters used in these calcu-
lations are: for cathode, \'L_ = 0 Vi Foxr focusing olectrode,
dl = 0,.0075 1in., WI S ) L) 7 R 1 o h' S R 1 R \'“ 0 Vi
for anode, d- = 0.1 1w, Wi OL0F dmie ;1,‘ .01 in. and
V, = 1,000 V.

As mentioned in Section III.F, a flat cathode is suitahle
for the present magnetic focusing structurc. A comparison

y

of Figs. 20 and 21 makes this even more evident. Filgure

17
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shows that a beam-(illing factor of 0.5 may be achicved

simply by using a flat cathode with height of 0.025 in.

e Voltage and Position of the Focusing Llcctrode

Once the cathode size and shape have been chosen, the
positions of the electrodes will be adjusted to obtain the
required beam current. For the case where the anode is
maintained at 1,000 V and placed 0.1 in. from the cathode

fr. e, 1m ‘Big. 19, \f',l = b 000SNVG Sd s = 0T ., W s DRI .

< “~ L
and h, = 0.01 in.), the cathode current density and total
current are shown in Figs. 25 through 28. In these

figures, the position of the focusing electrode is varicd.
The other parameters arc: cathode, unshaped, hc = (0.025 in.
\'C = 0 V; electrode, Wy = 0.01 in, hl = 0.01 in. and \'C = 0 V.
The magnetic field is not important since it has little or

no effect on the cathode current density.

It is interesting to note that the current is very
sensitive to the position of the focusing clectrode. As the
clectrode moves closer to the cathode, the current incrcases
sharply as cxpected. The design without a focusing clectrode
results in a very high current as seen in Fig. 28. With

no electrode to shield the effects of the anode, the clectric

field at the cathode is very high.

Obviously, the position of the focusing clectrode has
to be precisely machined 1n order to control the required
beam current.

lhe beam current is also very sensitive to the voltage

of the focusing eclectrode. With the voltages and geometrices
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of cathode and anode left unchanged and the clectrode placed

at d. = Q.01 in

| ., cathode current density plots correspond

ing to clectrode voltages of 50 V and -50 V are shown in

Figs. 29 and 30 for comparison.

D. Voltage and Position of the Anode

From Child's law, it 1s evident that the cathode current

will rise as the anode voltage is increased or as the anode

is moved toward the cathode. Figures 531 through 34
confirm this.  In Figs. 31 and 32, the pacameters used
are: for cathode, flat with height hc =" 0.025 in. and

\’L, = ()0 V; for electrode, dl =0t Wy oo QL0 D,

hl = .03 in. and Vo = 0 V; for anode, d: =TS M S G
Fig. 31 and 0.16 1n. for Fig. 32, Wy o AR TOHES Siipla

h_, = 0.01 in. and Vu = PR 10 OSSR T T R S PR Sl i S ]

the following parameters arec used: for cathode, flat with
height hC = 0. 025 1n. and Vc = (0 V; for electrodec, ‘ll 0. 01
1y 3 wyos (90600 Iy I]l = DI ine s = amd \'(\ = ) V; for anode,
d: i % T W, = A i h_’ = 001 zn. and \':I 900 Vv
Kty F1Lg. = 53 and ki EO0 vy B e

..  Gun Design I

From the discussions in Sections IV.B through IV.D;, a
final design for an electron gun with required current den

sity and total beam current may be sclected as follows:

for cathode flat surtace,
hL_ = 0025 ANy
L 0V,
C
1)
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for focusing electrode d., = 0.0l in.,

1
wy o= (058810 W o EEA
hl =0l T
Voo =R
e
for anode Gl (0 i Lty e
Wa = W01 in.,

ies = 0 QU S

=
|

1,000 V.

The cathode current density distribution of this design
is shown in Fig. 25. The total current is 1.28 A and the
perveance is 40 upervs. If an ideal magnetic field of
2,000 G is used at the cathode and varied as 1//R as shown
in Fig. 35, the equipotential plot in Fig. 36 and the
trajectories plot in Fig. 37 are obtained. Figures 38
through 40 show the beam current density at three different

distances from the cathode.

. Beam Focusing and Magnetic Field

As described in Section III, the radial magnetic fields
along the center line were measured for various current levels
in the three-section coils. The particular current levels
most suitable for final tube operation were determined through
computer simulation.

Theoretically, a high magnetic field varying as 1//R
is desirable for focusing the beam. Using the specifications
of Gun Design I as described in the last section, the trajec
tories of electrons for different applied magnetic fields

are shown in Figs. 41 through 44. It is found that the

60




T

: r

c0"e

6" 1 98°1 o't
ssnedorty ‘g

1.04

1.24

1.20

1.16

1.12
R

08

-

0L"1

inch

MAGNETIC FIELD

R.

Ul

\ AT T
vlACG:EN T

T
W\

AL

e e =




‘006
008
*00L
‘008
‘00S
*00h
*00€
‘002
‘001
STWIIN3L0d4IND3

‘1 N9ISIa NNO Y04 1071d TVIINALOdINOA

STHILIN3L04INB3

yourt .m
he'l 0e'1 81’1 cll

+ - 3
T T ——; T

Q¢

“Rld

00°1

00°0

L]

68

h0°0

e g— T



I 1SId NNO Y04 10Td SATdOLIALYEL L€ 914
S3IH0LJ3rydlL
your ‘Y
el 02"} a1y 2111 801 ho*1 00°1
e - s L 3 o
o
i1°
o
=4
oM
ﬁo.
91.
o
Aﬁﬂll
n

0Y




0.40

Z (X10! ), inch

0.10

.00 0.40 0.80 1.20 1.60
J-AMPS/SQ CM

BEAM CURRENT DENSITY AT R = 1.0500

.00

FIG. 38 CROSS-SECTION BEAM CURRENT DENSITY AT R 105 N




0.40

inch

0.30

Z (X10! ),
0.20

0.10

(@]
o
.00 0.40 0.80 1.20 1.60
J-AMPS/SQ CM
BEAM CURRENT DENSITY AT R = 1.1000
FI1G. 39 CROSS-SECTION BEAM CURRENT DENSITY AT R = 1.

IN.




S
o
5
R
o
=
&
NST
=
oT
8 . :
.00 0.40 0.80 1.20 1.60
J-AMPS/SQ CM
BEAM CURRENT DENSITY AT R = 1.2000
ye 40 CROSS-SECTION BEAM CURRENT DENSITY AT R = 1.2 IN.

ro




B S ——

o
8|
e ]
3|
o
[ ]
siL—m
“1.00 1.04 1.08 1.‘1%2 1.16 1.20 1.4
, inch
TRBAJECTORIES

FiG. 41 BEAM TRAJECTORIES PLOT WITH NO MAGNETIC FIELD APPLILILD

TO FHE GUN-




o
o.-b
=
3)
i
k=1
: Nd-\r
3
s N
:%
J=—— —— E ‘
o1.00 1.04 1.08 1.12 1.16 1.20 1.24
R, inch
TRAJECTORIES
BEAM TRAJECTORTES PLOT WITH MAGNETIC FIELD OF 500
AT CATHODE.




0.12

Z < SaEvc
0.08

31
3 e ——— \
d! .00 ITOQ T.OB li 12 TTIG tio 1{.211
R , inch
TRAJECTORIES

FkG 43 BEAM TRAJECTORIES PLOT WITH MAGNETIC FIELD OF 1,000 G
AT CATHODI: .




N
-t

o

= =

1)

=

[

=L
NO

= 4

o

L

| ———— e —— — —_—
o
o, . ¢ > et = == . —t e eme
“1.00 1.04 1.08 1.12 1.16 1.20 1.24

R, inch
TRAJECTORIES
FIG 44 BEAM TRAJECTORIES PLOT WITH MAGNETIC FIELD OF 2,000 G
AT CATHODE.
76-




e

peak of fluctuation of the beam shifts to the right (i.c.
away from the cathode) as the magnetic ficld decreases. The
reason is duc to the change of the cyclotron frequency which
is proportional to the magnetic field. No magnetic field

LS applied in Fig. 41 The magnetic fields used in Figs.
42, 43 and 44 are SO0, L0000 and 2,000 G at the cathode

<y ’

respectively, and vary as 1//R. It is secen that a well
focused beam is achieved in Fig. 44.

I practice; it is diffiicult to design the colils' to
give precisely a chosen field shape. Furthermore, the
saturation of the center pole piece lowers the magnetic
field in the cathode region. In order to confirm whether
any of the magnetic fields actually obtained were sufficicent
to focus the becam, it was decided to conduct a thorough com
puter analysis extending all the way from the cathode to the
collector. Figures 45 a and b show the computer results
for the complete trajectories. The magnetic ficld values
actually measurcd were used as input. The magnetic ficld
used for Fig. 45a is that produced by current levels of
I A, L9 A, 155 A in the cotls and Us plotted 1 Fig.
10. The field for Fig. 45b 1is shown in Fig. 14 and
was obtained with current levels of 3.4 A, 3.8 A, 2.7 A.

It is interesting to note that the beam converges as it
approaches the collector.

On the basis of these plots, it was concluded that the
magnetic field generated by the current levels of 3.4 A,
3.8 A, 2.7 A in the three sections ofl coil is enough to

focus the beam.
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G.  Gun Design 11

Becausc the wires used in the clectrode and anode of
Design 1 would have been very difficult to embed firmly in
the grooves of the dielectric, it was decided to use thin
molybdenum strips in their place. The fact that the cffects
of such a late design change could be so rcadily determined
clearly demonstrates the value, power and cconomy of computer-
aided design techniques. The paramcters for this new design

are as follows:

for cathode flat surface,
hc = 0.025 in.,
V. =0V,
C
for focusing electrode d] = 0.01 in.,
w1 = 1000 Qe ,
h] = 004 1ms,
Ve =0l
(&
for anode d2 = (0100,
Wy = 0F 08 drm-,
h2 = U
VI [N GRS
a
Va = 1,000 V was used for the initial calculation. However,

the predicted total current was too low (about 1 A) to pro-
duce the desired beam power. It was determinced that raising
the anode voltage to 1,100 V would increasce the total cur-
rent to 1.15 A and result in a satisfactory power level.

Figure 46 shows the cathode current density for this design.
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Fhe trajectories out to R = 1.25 in. using the magnetic
field of Fig. 14 with current levels of 3.4 A, 3.8 A, 2.7 A
are shown in Fig. 47. We would expect the trajcctorics
boevond R 1.25 in. to be similar to those of Fig. 45b
because the same coil current levels were applied and the

two beam currents are nearly the same.

. Conclusions
A radial becam electron gun has been designed for opera-
tion at a power of approximately 1.2 kW. The effects upon

the beam current of various geometries and voltages of

cathode, anode and electrodes were investigated. It was
found that the beam current is very sensitive to the posi
tion and voltage of the focusing electrode and is somewhat
less sensitive to the position and voltage of the anode.
Therefore, the beam current may be controlled by appropriate
adjustments to the voltage and position of the focusing
clectrode and anode. The magnetic field has no effect on
the beam current but, of course, is essential to the focus-

ing of the bcam.

-82-




o
e |
A =
&)
(=
.,.48
hJO.qP
3
at
_— .
8' X =y . 0 = ¢ X X
©1.00 1.04 1.08 1.12 1.16 1.20 1.24
R ., inch
TRAJECTORIES
FIG. 47 TRAJECTORTES PLOT FOR A STRIP ELECTRODE AND ANODE.
83




SECTION V. FABRICATION OF RADIAL-BEAM ELECTRON GUN

A. _ Introduction
The objective of the experimental program is to producce
a gun with good beam transmission based on the computcer
simulation results. It is important that the design be as
flexible as possible so that modifications can be made easd Ly .
The fabrication of the cathode, heater, focusing clcc-
trodes, anodes, ceramic plates, collectors and vacuum
chamber will be discussed in the following scctions. [Photo-
graphs of these componcents are shown in Figs. 48 through

52. All dimensions follow Gun Design Il of Section IV.

B. Cathode and llcater

The cathode was made ffom a nickel ring coated with
an admixture of barium, strontium and calciun curl)onutvs.“’l2
Hydrogen and vacuum firiag was done just before coating. The
cathode 1s indircctly heated by mecans of a tungsten wire
coil and is capable of providing a current of up to 3 A/cm?
with a two percent duty cycle at an operating temperature
of 850°C to 900°C. However, during cathode activation, it
is necessary to raise the temperature of the cathode to
approximately 1,100°C for short periods (up to 30 secconds)

at intervals of several minutes in order to assure complete

bl We H. kohl, Materials and Techniques for blectron Tubes,
Reinhold Publishing Corp., NY; 1960. N >

12. F. Roscbury, lHandbook of Electron Tube and Vacuum Tech-
niques, Addison-Wesley Publishing Co., Reading, MA; 19065,
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. 12 . ; : .
conversion. ° The maximum chemical change from carbonate

to oxide occurs in the neighborhood of 900°C; the 1,100°C
temperature is applied in order to assure complete conver-
sion of the coating, especially at the ends or edges of
the cathode surface, where radiation losses are greater
than in the middle.

The cathode has a height of 0.025 in. and a diameter
of 1.972 in. which expands to 2.00 in. at operating temper-
ature. A rectangular trough was machined into the nickel
ring supporting the cathode (see Fig. 53) and the tungsten
wire of 0.011 in. diameter was embedded inside it. The
cathode-heater assembly was sandwiched between two annular
pieces of ceramic (see photograph of ceramic rings in Fig.
48) as shown in Fig. 53. Since the nickel base might
expand by 0.014 in. in radius at operating temperature,
space was left to accommodate expansion without cracking
the ceramic. A tantalum foil was placed over the heater
trough of the nickel ring to minimize radiation heat loss
to the ceramic. Some tantalum strips were wedged between
the nickel ring and the ceramic supports to hold the ring
In its concentric position prior to cathode activation and
testing. As the cathode expands, the tantalum foil com-
presses together leaving room for expansion.

In order to confine heat to the cathode and minimize
leakage to the ceramic plates, only a small part of the
ceramic ring was allowed to contact the cathode-heater
assembly. This was accomplished by machining three legs

in each of the ceramic support rings.

-90 -




Center Line Heater Lead

Nickel
l Ring erd

Post

0.045

s

e o o —— —
e > — o —

Ceoramic Ring

Tantalum IFoil
{ Focusing

.

|4

l Leg

0.011

Ceramic _1\)4 il ().(-)—3) \

Electrods Anode
0.040 0.040
EFEEE
IO.(J;_")

—_—

&~ 0. 16
}(—0.7'—,

> == 5101 - & 0.

< e - OB G s

FEG. 53 CATHODE, HEATER AND

9l

A T T i, TR o= v ~ e

0.963 —_—

CERAMIC RINGS. (NOT TO SCNLL,
ALL DIMENSTONS IN INCHES)




The heater was connected as shown in Fig. 54. elfore
installation in the prototype RBTWT, an identical cathode
hecater assembly was tested and proven to have the capability
of producing a cathode temperaturc of 1,115°C. At this
temperature a heater voltage and current of 17 V and 8.8 A
(i.e., about 150 W) were required from the ac power supply.
The test results of cathode temperature versus hecater power

arce shown as follows:

HEATER POWER VS. CATHODE TEMPERATURE

Heater Power Supply

Voltage Current Power Cathodce
BP0 DRSS EOU ) SECR R 1.0 58 Temperature

S 358 19 0 Dull Radiation

10 740 70.0 805°C

iz 7.4 88.8 915°C

15 82 182550 1,000°C

16 8.5 136.0 1,075°C

17 8.8 149.0 1,515%C

The resistance measured at the hecater lecad posts was

0.25 Q@ at room temperature., The heater was insulated from

the cathode by coating it with a layer of Alundum. As
depicted in Fig. 54, the heater was wound in two scctions

in parallel electrically.

C. Focusing llectrode and Anode
As mentioned ecarlier in Section IV, the round wirce type
electrodes would have been difficult to hold in position

inside the ceramic ring. Therefore a ribbon-type wirce was

92~




HHeater Lead Post

] 5

Heater Wire

Mnmvmw

BT i
=}
J

Heater Lead /-/

Post

Spot Weld

e !0 D Platinum

Foil Wrap

Heater Wire —>

nN—

. o

FIG. 54 SKETCH OF HEATER SHOWING TWO TUNGSTEN WIRES CON
NECTED IN PARALLIL.




used as shown in Fig. 53. The computer results are shown
in Gun Design I1 of Section 1V.

Since the distance between the cathode and focusing
clectrode is very critical to the control of the beam cur-
rent, the machining tolerance plays a very important role
here. Also, the heat expansion of the cathode nickel basc
had to be considered before the grooves for the electrode
and anodc were machined.

A photograph of the electrode-anode asscmblics is

shown in Fig. 48.

D. Ceramic Plates

Corning machinable glass-ceramic (MACOR Code 90658)
with a dielectric constant of 5.92 was used for the insu-
lating substrate that enclosed the beam. The material is
rcadily machinable with ordinary tools and is casily
polished. Two pairs of plates with diameters of 9.1 in.
and 2.924 iw., respectively, were cut and ground to a
thickness of 0.125 in. It was intended that the small
plate (or ring) be readily replaceable if the dimensions
of cathode, clectrode or anode have to be changed.

In place of the spiral RIF circuit, a conducting sur-
face was coated on the large-diameter disk surflaces,
adjacent to the beam region, in order to provide proper
dc effects. This consisted of a chrome layer of about
1,000 K, deposited by evaporation techniques, followed by
a 70,000 A gold layer deposited by electroplating.

Figure 49 shows the largce-diameter ceramic plate and
its conducting surface.
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Eo s Golllector

The collector consists of four machined copper ring
segments extending around the circumference of the drift
region. As shown in Fig. 55, the collector has a groove
of width 0.050 in. (the spacing between the ceramic layers)
and a depth of 0.275 in. A gap separated the collector
from the enclosing chamber, providing clectrical isolation
from all other tube components so that (1) the collector
potential could be depressed and (2) the collector current
could be measured separately from the currents due to pre
vious beam interception. Lach of the four angular scgments
was electrically isolated. This was to enable a straight
forward measurement of the angular symmectry of the radial
beam by comparison of the currents collected in the scg
ments. One slot between two of the scgments was enlarged
slightly to allow connection to the vacuum pump and probe
access for possible future measurcements. The collector
and cathode rings maintain the 0.050 in. spacing between
the two ceramic plates.

Three precautions were taken to minimize sccondary
emission at the collector due to beaw bombardment:

1. The inside of the collector groove was coated with
a colloidal suspension of graphite in water (Aquadag). The
resulting carbon layer would reduce the sccondary-cemission
coefficient from 1.3 to about 0.5.

2. The end of the groove was machined and angled to

deflect secondaries.
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3. The collector groove was made five times deeper
than its width in order to trap most seccondary clectrons.

The collector is shown in Figs. 48 and 51.

I'. Vacuum Chamber

The vacuum chamber contains the electron gun assembly
and was fabricated from two 10.35 in. diameter aluminum
disks, one 1.25 in. thick and the other 0.625 in. thick.

As in Fig. 56, a 9.1 in. diameter, 0.625 in. hollow was
machined in the thicker of the picces, thus producing a
trough to contain the electron gun.

A rectangular groove was machined around the cdge of
one piece to hold the Viton O-ring which provided the
vacuum seal. This type of secal was selected for this pro-
totype RBTWT to permit rapid access to the celectron gun for
modification purposes.

The center pole piece was inserted through one-inch
diameter holes in the center of each half of the vacuun
chamber. Again, the vacuum scal was accomplished with
Viton O-rings installed around the center pole picce.

A small hole was machined at one end of the vacuum
chamber precisely at the collector ring level to accept
the flanged connection to a conventional vacuum pump. The
same aperture would allow the device to be connected to a
beam analyzer.

Sealed feedthroughs were installed on the wall ot the
vacuum chamber for the connections to the various clectrodes

and heater.
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A photograph of the vacuum chamber can be found in

99




SECTION VI, TEST OF EXPERIMENTAL TUBRI

A. _ Ixperimental Sctup

The vacuum chamber containing the clectron gun was
first tested to determine vacuum tightness before it was
mounted inside the magnetic focusing structurc. lor the
series of static tests, the experimental tube was mounted
on a vacuum pumping system. When the proper vacaum had
been achieved (less than 10_8 Torr), the cathode was acti
vated (as indicated by a sudden pressure increasce at a
cathode temperature of approximately 900°C). The various
clectrodes were connected to their respective power supplics
after the activation process had been completed.

All measurcments were to be taken with the tube operat
ing in a pulsed mode to minimize the hecat-dissipation
requirements. The currents in the anode, the simulatced
RF circuit planes and each of the four collector scgments
were closcly monitored by mecasuring the voltagce across low
value resistors placed between cach electrode and ground.
Oscilloscopes were used to measurce the currents for pulsced
mode operation. Since it would have been difficult to
ensure clectrical isolation between the heater and cathode
at high voltage levels, one of the heater lcads was con
nected to the cathode. An isolatced ac power supply was
used to energize the hcater and a high-voltage pulse gen
crator was used to apply the voltage pulses between the

grounded clectrodes and the isolated cathode-heater assembly.,
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The pulse generator has the capability of providing 0.1
percent to 2 percent duty cycle pulses over a range of
gV to 2 KV.

The test setup is shown in Fig. 57 and a photograph

1s given in Big. 58:

B. Discussion of the Problems

The experiment failed to provide significant results
due to the following problems:

1. One of the heater wires was broken; thus, only
half of the cathode was activated and operated.

2. Nickel purticics evaporated f;om the cathode
and deposited on the ceramic surface between the cathode
and anode. This thin film of nickel constituted a current
path between the cathode and anode when a negative high
voltage was applied to the cathode.

3. Leaks developed in the vacuum equipment after the
cathode had been activated.

The first problem occurred shortly after the heater

had been energized. The other problems occurred several

hours later during an extended pump-down for the purposc of

degassing the tube. Unfortunately, corrective action and

testing was not possible within the scope of the contract.

C.  Recommended Solutions to the Problems
Although time and budget did not allow continuation
of the experimental measurements, some modifications have

been devised to eliminate the problems encountered.
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A larger diameter heater wire should be used. Lxamin
ation of the failed heater showed some necking-down had
occurred at the point of connection to the hcater lcad.

It 1s believed this led to the subscquent failure. Most
of the leakage appeared to be in the vacuum connections
external to the tube and are easily eliminated. However,
all feedthroughs, connections and joints should receive a
coating of sealant as added protection against leakage at
high operating temperatures.

It is difficult to prevent the deposit of nickel
particles on the ceramic surface around the cathode arca.
However, machining several grooves in the ceramic ring
around the cathode would insert discontinuities in the
thin film connection between the cathode and anode. Figure

59 shows this technique with two grooves.

D. Conclusions

Although the initial test did not provide useful
experimental results, a great deal of valuable experience
was gained during the fabrication and measurcment procedures.
It is believed that the modifications described above would
allow successful completion of the test. This, in turn,

would provide verification of the computer predictions.
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SECTION VI1. CONCLUSIONS AND RECOMMENDATIONS

FOR TFUTURE STUDY

A. _ Introduction

The work reported in the preceding scctions is revicwed

briefly here and the results are summarized. Some recommen

dations for futurc study are outlined.

B. _ Summary of this Study

This study developed practical designs for prototypc
versions of an electromagnetic focusing structurc and a
radial beam traveling-wave tube elcectron gun. Compute:
simulations were used to develop both the clectromasnet i
focusing structure design and the electron gun design.

With the Dcformable Mesh Llectromagnet Design Program,
the magnetic field has been calculated and shaped. The
results have been confirmed by measurement and supplicd a:
the input data to the gun design program.

A Deformable Mesh Radial Beam LElectron Gun Design
Program has been developed by SAI and scerved as a funda
mental tool for the gun design. The program was utilized
to analyze practical electrode shapes and determine optimum
positions. The cffects of cathode geometrices and various
electrode voltages on the beam current have also been
investigated. It was found that the bcam current is very
sensitive to the position and voltage of the focusing clec-
trode.

A final design with a well focused beam has been recom

mended and an experimental tube built.  The limited contract

1006~

TWTTE TIRT

B I B i ST L aad —— i e S
=




S

period did not allow sufficient time to carry out a success

ful experiment.

(.  Recommendations for Future Study

There are several interesting arcas where it is felt
that further theoretical and experimental study would bhe
beneficial in the development of the RBTWI.

The most important of these is the development of a
large-signal analysis program which treats both uniform
and nonuniform magnetic field distributions. The analysis
developed by Kooyers and Shuw4 has limited application since
1t treats only one particular type of beam flow which is in
a uniform magnetic field.

Another area of interest is a study of the feasibility
of using permanent magnets for the RBTWI focusing structure
in order to reduce weight. A Deformable Mesh Permanent
Magnet Design Program similar to that described in Scction
I'IT should be developed for this purpose.

Finally, an electrostatically focused beam may be
worthy of investigation, especially for higher operating
frequencies. At higher frequencies, the physical length
of the drift region can be reduced drastically. Therelore,
even without the magnetic field, the electron beam may he
able to reach the collector before being intercepted. This
is further evident from Fig. 41 which shows that the
electron beam is not intercepted in a short distance cven
without the focusing magnetic ficld. Computer analyses should
be conducted to determine the feasibility of clectrostatic
electron gun development for high fr;qucncy tubes.
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Symbol

A

LIST OF SYMBOLS

Vector potential of magnetic ficld
6-component of vector potential A
Quadrilateral area for triangle i+(1/2)
Magnetic induction

r-component of vector B

z-component of vector B

Distance between cathode surface and focusing
electrode

Distance between cathode surface and anode
Electric filelld
r-component of vector I
z-component of vector b
Residual in solving the Poisson's cquation
Height of the focusing clectrode
Height of the anode
Height of the cathode
Index of node in coordinate map
Cathode current density
Index of node in coordinate map
Defined as 4/9 ¢ V/2n
0
Number of relaxation steps
Location of an clectron
Mcsh node neighboring iu]
Mcesh node neighboring PO
Mesh node neighboering PO

Mesh node being relaxed
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[|R]] Euclidean norm

Radius ath ing

Rcath tadius of cathode ring

T First derivative of r with respect to time

r Second derivative of r with respect to time

r(R) Coordinate in cylindrical system

T; r-coordinates of six surrounding nodes around
node o

-C 1n: 1 )
T r-coordinate of point }i+l
B r-coordinate of point P.
Y=l =1

T, r-coordinate of the node o being relaxed

rp r-coordinate of point P

rg r-coordinate of the node being relaxed after
nth relaxation

S Source term in Poisson's equation

v Potential

Va Voltage at anode

Vb Voltage of electron beam

VC Voltage at cathode

Ve Voltage at focusing electrode

\/.1 Potential at node i

Vp Potential at point p

Vg Potential at node o after nth relaxation

Wj Weighting factor between neighboring points
PO and P, in solving the Poisson's equation

Wy Width of the focusing electrode

W, Width of the anode
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e

(&Y

P
a

a

T _:{-_‘.'.K..’.q“.,, R R o . I
Rehane -F

First derivative of z with respect to time
Second derivative of z with respect to time
Coordinate in cylindrical system

z-coordinate of six surrounding nodes around
node 0

z-coordinate of node o being relaxed

z-coordinate of the node being relaxed after
nth relaxation

z-coordinate of point P

Overrelaxation parameter for mesh generation

Overrelaxation parametcer in solving the Poisson's

equation

Permittivity of free space

Relative dielectric constant

Electron charge-to-mass ratio

Coordinate in cylindrical systen

First derivative of 0 with respect to time
Angle between I‘“l’i+l and ]‘il’.]+l

Angle between ])ol)rl and l’il‘i |
Permeability in magnetic material

Residual vector

Radius of curvature of cathode
Space-charge density over triangle i+(1/2)
Magnetic cyclotron frequency

Beam plasma frequency
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